Measurement of photosynthetically active radiation (PAR) incident on photosynthetic organisms is a crucial measurement for understanding how organisms respond to various light conditions, and for calculating electron flow through the photosynthetic machinery. Measurements of PAR are typically performed in the region of the electromagnetic spectrum between 400 -700 nm, which is the region of radiation that is responsible for promoting photosynthesis. Typically, to ensure that the sensor measures in this range, the implementation of long-and short-pass filters is required. Although this allows the exclusion of radiation outside of the PAR region, such filters can be expensive. Additionally, the implementation of autonomous PAR measurements requires costly commercial instruments. Here, a straight-forward, inexpensive apparatus has been designed and constructed using a sensor that can distinguish between red, green, blue and white light. The constructed apparatus was able to perform comparably to a commercial PAR sensor. Furthermore, the implementation of the device to measure PAR intensity over a three-day period shows how the apparatus can be implemented for use as a constant light monitor.
Introduction
Methods for accurately determining PAR are required continuously within the research field of photosynthesis and oceanography, where the determination of the incident light in a given area is measured in µmol per square meter per second. PAR is defined as the radiation that is available for photosynthesis [1] [2]. The wavelength range is determined by light absorption capacity of the pigments located in the photosynthetic machinery, which are involved in the light-dependent reactions of photosynthesis. Here, solar energy is converted into chemical energy through several chained redox reactions for use by the organism [3] . This, in turn, is used for CO 2 fixation during the light-independent reactions of photosynthesis [4] .
Due to the absorption spectra of the photosynthetic pigments, the central electromagnetic radiation wavelengths of interest fall between 400 -700 nm [3] .
These are the wavelengths that are utilised by the photosynthetic machinery of the organism [1] . This means that solar energy available for the plant metabolism can be determined by measuring the PAR at the location of the organism [2] . In turn, this information can be used to estimate the yield at sites of interest or in scientific studies analysing variances in PAR utilisation between different photosynthetic species [5] . Globally, PAR is used as a proxy for carbon fixation by photosynthesis and has a significant impact on the transport of water from the surface of the earth, into the atmosphere [6] [7] . Therefore, determination of PAR is also crucial to calculating the carbon balance in climate research [5] [6] [7] .
As stated, PAR is usually measured as μmol photons m −2 s −1 using sensors with wavelength specific filters (400 nm long-pass filter and a 700 nm short-pass filter); however, these components can be expensive. Thus, an ideal sensor should be able to measure radiation between 400 -700 nm very efficiently while excluding other, photosynthetically inactive, radiation. Many commercially available sensors are close to an ideal sensor and are already widely in use for the applications stated above. However, commonly used quantum sensors are expensive making wide-spread use of large area monitoring infeasible by the majority of research institutes and companies [8] [9] . The open source science hardware movement has led to the development of low-cost versions of scientific instruments with performance comparable to commercial products [10] . While there are multifunctional devices available [11] , there is also a need for low-cost stand-alone PAR sensors that can be deployed in large numbers to monitor PAR over a large area for an extended period.
This report describes how to construct a microcontroller-based modular PAR sensor, highlighting the performance parameters, and demonstrating its application. The apparent level of PAR in a given light setting is determined using the described instrument in correlation to a commercially available light sensor set up to measure PAR.
Materials and Methods

Materials and Instrumentation of Custom-Build Light Meter
An Arduino UNO microcontroller board was used to power the photodiode, and to digitise the detected PAR light using the integrated 8-bit, high precision Pin 2 on the photodiode connected to the SCL port on the Arduino, and was pulled up by also connecting the SCL port to the 3.3 V power output through a 10 KΩ resistor. Pin 6 on the photodiode was connected to the SDL port on the Arduino and was also pulled up in the same manner as the SCL port. The photodiode was grounded through pin 3.
Comparison of Light Sensors
The 
Continual Light Measurement over 72 hours
To measure the incident light, the sensor unit was placed on a flat area in direct sunlight on the roof of a building. The placement took into account the potential for surrounding objects to cast a shadow upon the sensor, and an area unaffected by shadowing from structures was chosen. The Arduino board was connected to a laptop computer to log the data during the experiment.
Results
The determination of PAR for photosynthetic applications is of importance as an analytical parameter when measuring photosynthetic activity. PAR typically spans the wavelength range of 400 -700 nm and measured in units of μmol 
Design
The light sensor setup enables simple construction and use of the measuring system. The base module consists of a microcontroller and one measurement unit. A schematic for the measuring setup is presented in Figure 1 .
Microcontroller Interfacing
The schematic representation in Figure 2 
Measurement of PAR
To characterise the performance of the PAR sensor different light qualities were used. These included natural sunlight (with and without cloud cover) and various artificial white light sources. The performance of the modular light meter is comparable to that of the commercial light sensor used (LI-COR 190R)
when measuring the natural PAR (Figure 3) . A small deviation between the PAR measured may be apparent between the two instruments as the PAR value increases, but this is assumed to be due to the different arrangements of optical components in the instruments used.
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Live Monitoring of PAR
To evaluate the live monitoring performance of the PAR sensor, the sensor of the constructed instrument was placed outside the laboratory window for three days. The PAR was monitored continuously for 72 hours at a frequency of one measurement every 20 minutes. The live performance has been shown in Figure   4 . During this 72-h period, there was high-level partial cloud cover, with patches of clear sky on the first day. As the experiment progressed, the cloud height reduced, causing the clouds to affect the incident light on the sensor. This is shown in Figure 4 , with a trend of reduced maximal light sensed as the experiment progressed into day two and three.
Discussion
This report has described and shown the construction of a live PAR monitor that can precisely determine the PAR of natural and artificial light. The measurement of PAR recognises the incident light on a surface between 400 -700 nm. The PAR can change proportionally to the amount of light incident on a given surface.
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The PAR sensor has a low cost of around USD 40 -50 to build and might be reduced even further when it is used as a data logger without an LCD, making it an economically appealing option for many research groups wanting live measurements of PAR. 
Conclusion
In summary, the design, construction, characterisation, and calibration of a live PAR sensor for determining the incident light intensity between 400 -700 nm have been presented. It provides an easy-to-use, modular, cost-effective, and reliable solution to light intensity measurements, allowing the live monitoring a light environment. The presented instrument will help many laboratories produce simultaneous live measurements without a sizeable financial requirement.
